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SUMMARY 
A shock-related separation of a turbulent boundary layer has been studied and documented. The flow 
was that of an axisymmetric turbulent boundary layer over a 5.02-cmdiam cylinder that was aligned with the 
wind tunnel axis. The boundary layer was compressed by a 30" half-angle conical flare, with the cone axis 
inclined at an angle CY to the cylinder axis. Nominal test conditions were Pt = 1.7 atm and Adm = 2 -85. 
Measurements were confined to the upper-symmetry, 4 = 0 O ,  plane. Data are presented for the cases of alpha 
equal to 0 O ,  5 O ,  and 10 O and include mean surface pressures, streamwise and normal mean velocities, kinematic 
turbulent stresses and kinetic energies, as well as reverse-flow intermittencies. All data are given in tabular form; 
pressures, streamwise velocities, turbulent shear stresses, and kinetic energies are also presented graphically. 
INTRODUCTION 
Interactions between shock waves and turbulent boundary layers occur in many aerodynamic flows. In 
most cases the wall layer separates as it encounters the strong adverse pressure gradient imposed by the shock; 
this can have a profound effect on lift or on control-surface performance. Therefore, the interest in predicting 
such fluid behavior is considerable. The past decade has seen significant advances in computational fluid dy- 
namics (CFD). Still, the ability to predict details of separating turbulent flows is far below that needed for design 
purposes. Progress in turbulence modeling affects the rate of development of CFD, and sound experiments are 
crucial to the creation of improved models, as they provide valuable physical insight and a validation base for 
future computations. 
This report documents the study of a complex compressible turbulent flow which involved shock boundary- 
layer interaction, three-dimensionality, and massive separation. The geometry, however, was basic enough that 
Navier-Stokes calculations of the flow could be made using current numerical-grid-generating capabilities. The 
measurement of turbulence quantities was given special emphasis. The test configuration was that of a conical 
flare mounted on a streamwise cylinder. The flow was: made three dimensional by inclining the flare at an angle 
to the cylinder axis. For each value of a, the flow was first examined by shadowgraph and oil-flow visualiza- 
tion. Static wall pressure measurements were then taken, both on the cylinder and flare, in the upper plane of 
symmetry, 4 = 0 O .  Finally, detailed velocity surveys were made throughout that plane using a two-component 
laser Doppler velocimeter (LDV). The study was focused on the plane of symmetry where simplifying assump- 
tions could be made regarding the azimuthal (4 )  component of velocity. This component could not be acquired 
directly since the two-channel velocimeter was configured to measure streamwise and vertical ve1ociti:s. 
The flows documented herein and associated computations have been presented previously, in various 
aspects, in references 1-6. However, this is the first publication of the tabulated data, and is intended to facil- 
itate the comparison of these data with other computed or measured results. Reference 1 gives an extensive 
discussion of the experimental setup and the background literature. 

















streamwise, vertical, azimuthal coordinate 
transverse coordinate, normal to z-y plane 
flare angle of inclination 
laser wavelength 
instantaneous z,y,4 velocity 
mean z,y,# velocity 




skin friction coefficient 
Reynolds number 
Mach number 
boundary layer thickness (0.99 U,) 
ratio of specific heats, (7/5 for air) 
d J e / u e  
turbulent kinetic energy (TKE) 






v 2  
uv 
value in the free stream 
value in the undisturbed (upstream) boundary layer 
initial total condition 
value at the boundary layer edge 
ith j t h  component 
ensemble average 
normal (a) Reynolds stress 
normal (y) Reynolds stress 




turbulent kinetic energy (two-dimensional, same as k) 
reverse-flow intermittency 
DESCRIPTION OF EXPERIMENTAL APPARATUS 
The experiment was conducted in the High Reynolds Number Facility-Channel I (HRC-I) of the NASA 
Ames Research Center at Moffett Field, CA. This blow-down tunnel, shown schematically in figure 1, employs 
interchangeable test sections and nozzles to produce a variety of transonic and supersonic flows. The total 
pressure has an operational range of 0.24-10 atmospheres, while total temperature is fixed at a nominal value 
of 265 K. 
For the present study, a rectangular supersonic nozzle, connected to a 25.4-cm-wide by 38.1-cm-high test 
section, provided a nominal free-stream Mach number of 2.85. The total pressure was 1.7 atm, which resulted 
in a Reynolds number of 16 x lo6 per meter. Under these conditions, useful run times ranged from 12-13 
minutes. After that it was necessary to evacuate the large vacuum spheres into which the tunnel air flows through 
the diffuser. Both sidewalls of the tunnel test section were fitted with rectangular windows, each 30.7 cm wide 
by 38.2 cm high. This type of optical access is necessary for the application of shadowgraph photography and 
forward-scatter laser velocimetry. 
Model 
Figure 2 illustrates the general model configuration, a flare mounted on a sting-supported cylinder. The 
coordinate system that was used and the flare inclination angle, cy, are depicted. The x-coordinate direction runs 
parallel to the cylinder axis, and not along the flare surface. However, the value of y is always measured normal 
to the z axis from the model surface. The z-coordinate direction is normal to the 3;-y plane in accordance with 
a right-handed system. It is discussed most often in connection with optical systems used in the experiment. 
The equations 4 = 0" and z = 0,  y 2 0 describe identical half-planes. 
The 5.08-cm-diam cylinder, constructed from stainless steel, was aligned with the tunnel axis. The cusped 
nose at the upstream end of the cylinder was specially designed to minimize the strength of shock waves pro- 
duced there. According to flow visualization, pressure, and velocity data, the reflections of these waves from 
the tunnel walls had no measurable effect within the studied region. The cylinder was segmented, with sections 
varying in length and instrumentation. The inception length from the nose tip to the flare, hence the Reynolds 
number, could thus be varied, as could the type of surface measurement made. 
For the present experiment, the inception length was kept constant at approximately 1 m. Mean static 
pressure measurements were made using a cylinder section with static ports located every 0.5 cm along the 
4 = 0 " ray. A different section, instrumented with six high-frequency-response.pressure transducers spaced at 
0.5-cm intervals on the same ray, was employed during velocity measurements. Instantaneous pressure signals 
obtained from these transducers were used to conditionally sample velocity and turbulence data (ref. 3). 
The flare models were aluminum, and consisted of a 30" half-angle cone, inclined to the cylinder. : angk 
a, and joined with a cylindrical afterbody. Models were constructed for the axisymmetric case, a = 0", and 
the three-dimensional geometries, cy = 2 So, 5" ,  lo", 15", 20", and 23". A generic flare-afterbody detail is 
shown in figure 3. Each flare had a different surface length between the compression and expansions corners 
in the 4 = 0 O plane: 6.0 cm for the axisymmetric flare, 7.0 cm for the 5 " model, and 6.7 cm for cy = 10 ". The 
corresponding values of x at the expansion corners were 5.196 cm for a = 0", 5.734 cm for 5",  and 5.132 cm 
for 10". The flares were instrumented with static pressure ports. For Q! = 0" and 5" ,  taps were located every 
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0.5 cm between the cylinder and the afterbody. On the other models, the holes were spaced irregularly because 
the earlier method of construction could not accommodate the close 0.5-cm spacing. 
Mean Pressure Data Acquisition 
Mean surface pressures were obtained using strain-gage differential pressure transducers (Kulite Semi- 
conductor BM-1000) connected pneumatically, with vinyl and stainless steel tubing, to surface pressure taps 
on the cylinder and flares. The taps had a 0.508-mm diameter on the surface, and 1.07 mm beneath the surface, 
where the stainless tubing was fit. The small analog voltages output from the transducers were transferred to 
a Beckman model 210 data processing and recording system. There the voltages were amplified, converted to 
binary coded decimal numbers, and recorded on 7-track magnetic tape. Data could be recorded either at preset 
intervals or upon command. 
Velocity Data Acquisition 
A 4-W argon ion laser (item 1 in fig. 4) provided a blue-green beam consisting of ten distinct wavelengths 
in the range 450 .O nm < X < 529 .O nm. As the 488.0-nm (blue) and 514.5-nm (green) lines were the most 
powerful, they were used for measurements. A telescopic lens (2) focused the beams at the crossover region 
(17) in the test section. A dispersion prism (3) separated the multicolored ray into 10 distinct beams which 
were reflected by mirrors up (4) and over (5 )  the laser where they continued to diverge while traveling to 
the opposite end of the laser cavity. At that point the 514.5-nm and 488.0-nm lines reflected off separately- 
adjustable mirrors, (6) and (7), and exited from the cavity. They travelled vertically, parallel to one another, 
and entered the cylindrical optics tube. The green beam entered along the tube axis, and the blue beam entered 
25 mm off-axis. The remaining wavelengths were blocked off at the laser cavity exit, and were not used. 
Figure 5 details the components of the optics tube. Polarization of the green beam could be adjusted with 
the half-wave plate retarder (8) to provide optimum signal quality. The equal-path-length beam splitter (9) 
divided a single on-axis beam symmetrically, with the two resultant beams separated by 50 mm. These beams 
were as close as possible to equal intensity, depending on the polarization of the incident beam. The blue line 
was brought on-axis by a centering prism (lo), and split in the same manner as the green. The blue beam splitter 
was rotated 90" from the green to produce beam pairs contained in perpendicular vertical planes. One beam 
in each pair was frequency shifted by a Bragg cell ( l l ) ,  while the two remainiig beams passed through glass 
columns (12) to equalize the optical path length. Wedge prisms (13) corrected misalignment that resulted from 
Bragg shifting. Two pairs of rhomboid prisms (14) reduced the separation of each beam pair from 50 mm to 22 
mm before the four rays passed through a 750-mm focal length lens (15), and reflected off a plane mirror (16) 
into the tunnel test section. 
Referring again to figure 4, the four beams intersected to form the probe volume (17). Light scattered from 
this region by small seed particles in the flow, was collected by a pair of lenses (18), and focussed onto 0.64- 
mm-diam pinhole apertures (20) above each of two photomultiplier tubes (22). Adjustable mirrors (19) allowed 
fine positioning of the focussed light. The photomultipliers (PMTs) were housed in separate steel towers which 
were positioned close to the optical axis on either side of it. Since both blue and green light were scattered from 
the probe volume, narrow band pass filters (21) were used to ensure that only one component of velocity, i.e., 
one color, was detected by each PMT. The photomultipliers were powered by high-voltage DC sources (Pacific 
Precision Instruments model 204). 
The signal from each PMT was amplified (Avantek UAA-l132B), filtered (Telonic Berkeley TLA 57- 
3AA1), and processed with a Thermal Systems Incorporated (TSI) 1990 series counter-type signal processor. 
Processing included further amplification and filtering, testing for validity, and converting the analog input to a 
16-bit binary word representing a Doppler period. The TSI counters were joined together with interface logic 
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designed at NASA Ames. The interface tested whether valid realizations on the two counters were generated 
by the same particle. Only those data that passed this test were recorded. 
Small light-scattering (seed) particles in the flow were generated by a system designed at NASA (ref. 7). 
A solution of 0.5 - pm polystyrene spheres in alcohol was atomized by a high pressure air jet at three locations 
along a vertical rod inserted in the stagnation chamber (fig. 6). The alcohol would evaporate, leaving the solid 
spheres suspended in air. They then dispersed within the slow-moving fluid, and were carried downstream. 
The entire LDV system, except for the seeder and signal processing electronics, was mounted on a carriage 
beneath the wind tunnel. The carriage could be moved in the streamwise, transverse, and vertical directions, thus 
allowing the probe volume to be positioned freely throughout the test section. Vertical motion was effected by 
a stepper motor (Supply Electric M112-FJ12E) connected through a 60:l gear reduction box. The combination 
allowed accurate movement over distances as small as 0.025 mm. While the measurements were being made, 
the motor was controlled remotely with a Superior Electric Slo-Syn Preset Indexer. 
Data Analysis 
The mean pressure data recorded on the Beckman 210 were analyzed on a DEC PDP 11/44 multiuser 
system. The PDP 11/34 stand-alone that was used to acquire LDV data was also used for the preliminary 
analysis. The LDV data files were created and transferred to a Digital VAX 11/780 superminicomputer for 
further analysis and plotting. 
EXPERIMENTAL PROCEDURE 
This section describes step-by-step procedures used for the acquisition of pressure and LDV data. 
Mean Pressure Data 
Each data run was preceded by a calibration of the pressure transducers. The test section pressure was 
statically set to several levels between the expected wall-pressure extremes, based on p t ,  Mho, and CY. The output 
of the transducers and the absolute pressure were recorded at each level. Since the differential transducers were 
referenced to atmosphere, the barometric pressure was also recorded, and a subsequent correction was made 
if necessary. A linear least-squares curve fit to the calibration data assigned a slope (A volts/A pressure) and 
intercept (volts at zero pressure) to each pressure cell. The data never varied by more than 1% from the linear 
fits. The constants obtained for a given cell from separate calibrations differed by a maximum of 5%. 
Pressure data were obtained immediately following static calibration. Individual blocks of data were 
recorded at random times throughout the runs which lasted 10 minutes on average. The stagnation pressure 
remained constant to within 1% for all runs. 
Velocity Data 
Items 1-16 in figures 4 and 5 constituted the transmitting, or sending, optics. They determined the location, 
quality, and size characteristics of the probe volume. As mentioned previously, the telescopic len* ~3 at th; 
laser exit was used to place me minimum cross section, or “waist,” of each beam at the crossover point. This 
adjustment was made only once, during initial LDV set-up. Orientations of the Bragg cells and polarization 
rotators independently affected the level and balance of light intensity within each beam pair. The maximum 
achievable output with equal intensity, determined visually while projecting both rays of a given pair onto 
paper, was provided at the outset of measurements. Subsequently, settings were changed only on a couple of 
occasions, when one or both beam splitters were moved. 
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The accuracy with which the two beams of each color cross (intracolor), and the extent to which the 
measurement volumes for the two colors overlap (intercolor) could profoundly affect data quality and maximum 
obtainable data rate. Misalignment in any of the transmitting optics between and including the laser and wedge 
prisms could degrade one or both. The crossings were examined by expanding the probe volume at its minimum 
cross section, through a microscope objective, onto a sheet of paper attached to the receiving side window. A 
good four-beam intersection yielded a single blue-green dot, approximately 1 cm in diameter, whose position 
did not change significantly when some of the incoming beams were blocked. Intracolor misalignment was 
normally correctable by adjusting the wedge prisms for that particular line, while overlap of the two colors was 
typically improved using mirrors 6 and 7 shown in figure 4. The beam crossings were examined and optimized 
each time a new flare was installed. Beyond that, they were checked only when the data rate or signal quality 
dropped markedly without obvious cause, which rarely occurred. 
After the four beams were focussed on and crossing in the same region of space, the probe volume was 
positioned in the symmetry plane. This was done by moving the LDV carriage back and forth in the z-direction 
until the size of the intersection region was minimized as seen on a sheet of paper contained in that plane. Based 
on repeated trials, the accuracy of the resulting zero z-location was within f 1 mxn. 
The green and blue fringes were oriented at f45" to the tunnel axis, to measure the u + v and u - v 
components of velocity respectively. These angles and the fringe spacing for each color were checked once the 
probe volume was correctly positioned. Early in the test, fringe inclination and spacing were checked daily. 
They showed variations of less than 1%, a level attributable to measurement error. Subsequently, they were 
examined only when the transmitting optics were adjusted. 
To optimize the Doppler signal level and signal-to-noise ratio, the probe volume image was focussed onto 
pinhole apertures directly above the photomultiplier tubes. A light-scattering object was placed in the z = 0 
plane while the lenses, mirrors, and the apertures, all integral parts of the PMT housing, were adjusted until the 
beam crossing image appeared centered and focussed on the pinhole. For fine tuning, the test section pressure 
was lowered to vacuum level, and seed particles were introduced. The direct amplified output of each PMT was 
then observed on an oscilloscope while adjustments of the mirrors, shown as item 19 in figure 4, were made. 
The alignment of the receiving optics was checked and usually modified whenever the transmitting optics 
were adjusted. It was also the first source investigated, and often the cause, when signal quality or data rate 
dropped noticeably from one run to another. The collection optics were found to be more vulnerable to tunnel 
vibrations and other disturbances than were the sending optics, although both maintained their alignments 
relatively well. 
A 0.33-mm-diam hole in a square piece of copper-shim stock served as the aforementioned scattering 
object. The center of the probe volume was considered focussed on the hole when all four beams were visible 
and at peak intensity on a surface behind the copper square. That location could be fixed to within f.05 mm in 
both the x and y directions. 
In preparation for taking data, the laser was set for 30 amps current, yielding 1.0-1.4 W output on all lines, 
and a 40-MHz Bragg shift was applied to each P.p,am pair. The photomultiplier tubes were left unpowered until 
just before the run to avoid possible damage. The tzst section windows were cleaned, and the probe volume 
was moved to its initial measurement position. To establish the vertical zero position, the beams were lowered 
below the model surface, and then raised slowly until all four could be seen on the opposite window. Several 
repetitions of the process showed the visual zero location to be no more than 0.07 mm above the actual surface. 
Prior to data acquisition, a brief blowdown would be made with the beam crossing in the free stream and 
the seeder on. This was done to set the signal-processor gain levels. The filtered output of each counter was 
monitored on an oscilloscope while its gain was slowly increased. When electronic noise began to appear, the 
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gain was lowered slightly and fixed. In certain cases, for instance, measuring near surfaces or shock waves 
where strong glare was generated, the gain was lowered more. 
Data acquisition was controlled from a DECwriter terminal connected to the PDP 11/34, which produced 
immediate hard copy of information pertaining to each measurement location. Separate oscilloscopes were 
used to monitor PMT signals and the filtered output of each counter. The former graphically indicated the 
quality of the intracolor beam crossings, while the latter were useful in determining the free-stream location 
for a given profile. Vertical positioning was controlled by the stepper motor indexer and verified with a dial 
indicator observed through a television camera, and with a linear potentiometer whose output was printed at 
the control terminal. Seeder pressure levels were also monitored via a TV camera. 
The typical data rates attained were 15-30 KHz. However, in certain complex regions, i.e., near separation 
or strong shock waves, rates occasionally dropped as low as 1 KHz. At each measurement location, 15,360- 
26,112 valid data pairs were obtained and used to compute averaged flowfield quantities. 
RESULTS 
Figures 7 and 8 show shadowgraphs of the cases of a = 0 O ,  5 O ,  and 10 O .  The incoming boundary layer 
edge (SO) and the separation and reattachment shocks (S and R) are noted. Above the point of coalescence 
between these two waves, a single stronger shock (I) turns the flow. In the absence of viscosity only this 
inviscid shock would be present, and would emanate from the flare-cylinder junction at the same inclination to 
the free stream. Surface oil-flow patterns are shown for the same cases in figures 9 and 10. The 4 = 90" plane 
is the viewing plane in all four figures. These flow visualizations help to ascertain general characteristics of the 
flow, and were useful in determining the locations in which to concentrate pressure and velocity measurements. 
A sample upstream boundary-layer-velocity profile (a = 5",  x = -5.5 cm) appears in figure 11, plotted 
in velocity-defect form. Shown for comparison is Coles' wall-wake law (ref. 8) modified for compressible 
flow (ref. 9). The data match the theory quite closely, indicating the fully developed turbulent character of 
the boundary layer. To plot data in this form, it is necessary to determine the local skin friction coefficient, 
Cf. Reference 10 describes a graphical technique which employs mean velocity data a d  the Fenter-Stalmach 
compressible law of the wall to do this; figure 12 illustrates its results. Data are plotted as U/Ue versus %, 
( yUe /ve )  on a linear-log scale. Parametric variation of Cf over a range of R, yields a family of theoretical 
curves such as those shown by solid lines in figure 12. Those curves for which the linear portion best fits the 
first few data points provide the experimental skin friction coefficient. Measurements corresponding to larger 
y values are ignored since they are outside the range of validity for the method. Assumptions include adiabatic 
flow of an ideal gas, a specific heat ratio (7) of 7/5, a turbulent recovery factor of 0.88, and zero normal pressure 
gradient. The viscosity is calculated by Sutherland's law (ref. 10). 
Table 1 gives nominal values and uncertainty levels for the key test parameters. The uncertainties for total 
and free-stream conditions do not quantify errors in the individual measurements of those quantities, but repre- 
sent the maximum deviation from their nominal values throughout the duration of the test. Uncertainties given 
for static pressure, mean velocities, and turbulence correlations do represent potential measurement error, but 
are believed to be worst-case values likely to be found only in regions of high velocity gradients and tur5ulence 
in tensit ies . 
Pressure Data 
Tables 2 and 3 show mean surface pressure data for CY = Oo, tables 4 and 5 for CY = 5", and tables 6 
and 7 for the 10" case. Each table lists several "frames" of data which give the pressure distribution over the 
model for a given set of tunnel operating conditions. These total and free-stream conditions are given in the 
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heading of each frame. The total temperature drops steadily and slowly, due to the expansion of the air in the 
supply tanks. Total pressure pt  and M, are subject to small random fluctuations. Five data frames taken from 
a single tunnel run are given in Table 2. In tables 4 and 6, two runs are represented in the 10 frames shown, and 
some measurement locations differ from one run to another. For each frame of data, the streamwise pressure 
distribution is given both in terms of pressure coefficients and as fractions of total pressure. 
Table 3 contains the average pressure distribution and tunnel conditions computed from the five individual 
frames in table 2. Likewise, the averages from tables 4 and 6 are given in tables 5 and 7, respectively. 
In figure 13, the data from the final frame in each of the five tunnel runs represented in tables 2 through 7, 
are shown on three separate plots. 
Velocity and Turbulence Data 
Tables 8,9, and 10 list the mean flowfield data for Q! of 0,5,  and 10 degrees, respectively. Each table is 
divided into individual profiles taken at fixed z-locations. There are 22 profiles in table 8,26 in table 9, and 25 
in table 10. For each profile, a heading is printed that contains alpha, x, the date and time when the data were 
obtained, total pressure, plus or minus OS%, total temperature (f1.75%), and free-stream velocity (f1.0%) 
There are eight columns of data beneath the heading. The first column on the left gives y, the vertical 
distance, measured normal to the cylinder axis, from the model surface to the measurement location. The 
next two columns give the z and y components of the mean-velocity vector, normalized by u,. These two 
components constitute the complete mean-velocity vector in the plane of symmetry, where the data were taken. 
The next three columns contain components of the Reynolds stress tensor. The normal stress 21'2 is U2, 
d2 is V2, and the shear stress u'd is given as UV in column 6. These are kinematic quantities, since the density 
is not included, and they are nondimensionalized by urn2. 
The quantity U2V2 in column 7 equals 0.75( uI2 + d 2 )  /urn2, and can be termed the kinematic turbulent 
kinetic energy if the assumption that w'2 = O S (  u'2 + d 2 )  is allowed. 
Finally, the quantity GMINUS is the reverse-flow intermittency, or the percentage of instantaneous ve- 
locity measurements made where the streamwise component was negative. For the present cases, this can be 
interpreted as the fraction of time that the flow is reversed at a given point. 
These data, with the exception of GM[NUS, are plotted in profile form in figures 14 through 31. Fig- 
ures 14-16 show mean streamwise velocity plots for alpha of O", 5" ,  and lo", respectively, while figures 17- 
19 do the same for the vertical component. Reynolds shear stress profiles over the cylinder are plotted in 
figures 20-22. The profiles over the flare and afterbody are excluded-although they are listed in the tables- 
because the effect of the coordinate system rotation on them is uncertain. Values of the normal Reynolds stresses 
are independent of coordinate rotation; the full range of streamwise normal stress profiles appears in figures 
23-25, and the vertical normal stresses are shown in figures 26-28. Finally, figures 29-3 1 contain the kinematic 
turbulent-kinetic-energy plots for the three cases studied. 
Note that because of space constraints, some profiles that are given in the tables were excluded from the 
figures. These data were taken from the afterbody region of the flow. 
- - 
- -  
- -  
CONCLUDING REMARKS 
A complex turbulent flow was devised in order to provide experimental data for the development and 
testing of CFD codes and their associated turbulence models. The flow was that of a Mach 2.85 axisymmetric, 
fully-developed turbulent boundary layer being rapidly compressed by a conical flare. The compression yielded 
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a strong shocWboundary layer interaction which resulted in boundary layer separation distances (upstream 
of the compression corner) on the order of a boundary layer thickness. Both two- and three- dimensional 
compressions were studied. In addition to shadowgraph and surface-oil flow visualizations, wall pressures and 
two-component LDV flowfield data were used to document the flows. The mean-pressure and LDV data have 
been tabulated in sufficient detail for validating computer codes and turbulence models. 
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TABLE 2.- PRESSURE VS. STREAMWISE COORDINATE (5) 
(Y = 0"; Test 47; Run 828; Frame 17 
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(Y = 0"; Test 47; Run 828; Frame 23 


















































TABLE 2.- CONTINUED 
CY = 0"; Test 47; Run 828; Frame 28 
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2.165 8.1238E+88 8.4736E+08 
2.598 8.1 334E+88 8.5242E+08 
1.299 B.l813E+e8 8.3561E+08 
3.464 8.1469E+88 8.5946E+08 
4.338 8.1522E+08 8.6226E+08 
a = 0"; Test 47; Run 828; Frame 33 





















































TABLE 2.- CONCLUDED 
a = 0"; Test 47; Run 828; Frame 37 




















































TABLE 3.- PRESSURE VS. STREAMWISE COORDINATE (z), AVERAGE DISTRIBUTION 
a = 0"; Test 47; Run 828; All Frames 





















































TABLE 4.- PRESSURE VS. STREAMWSE COORDINATE (5) 
Q! = 5"; Test 47; Run 827; Frame 16 























































Q! = 5 O ;  Test 47; Run 827; Frame 21 





















































TABLE 4.- CONTINUED 
a! = 5"; Test 47; Run 827; Frame 23 























































CY = 5"; Test 47; Run 827; Frame 27 



















































0.62 1 2E+00 
0.7282E+00 
0.8053EM0 
0.81 1 0EN0 
16 
TABLE 4.- CONTINUED 3 
a = 5";  Test 47; Run 827; Frame 41 





















































TABLE 4.- CONTINUED 
a = 5"; Test 47; Run 831; Frame 16 

























0.6641 € 4 1  





























cy = 5"; Test 47; Run 831; Frame 22 
PT = 1.7020 am; TT = 252.4 K Re/m = 0.1742E+08; Moo = 2 3496 
x (CW 

























































TABLE 4.- CONTINUED 
CY = 5 O ;  Test 47; Run 831; Frame 27 


























































CY = 5";  Test 47; Run 831; Frame 33 
PT = 1.7020 atm; TT = 249.6 K; Re/m = 0.1772Ei-08; Moo = 2.8496 
























0.6641 E4 1  






























TABLE 4.- CONCLUDED 
cy = 5"; Test 47; Run 831; Frame 37 























































TABLE 5.- PRESSURE VS. STREAMWISE COORDINATE (z), AVERAGE DISTRIBUTION 
Q! = 5 O ;  Test 47; Runs 827 and 83 1; All Frames 







































































TABLE 6.- PRESSURE VS. STREAMWISE COORDINATE (3;) 
CY = 10"; Test 47; Run 829; Frame 15 

















































CY = 10"; Test 47; Run 829; Frame 21 
































8.21 61 EM8 
8.239gEi-08 



















TABLE 6.- CONTINUED 
a = 10"; Test 47; Run 829; Frame 28 

















































a = EO"; Test 47; Run 829; Frame 38 



















0 ..35 14E-0 1 
0 -351 1 E-0 1 
0.3692 E-01 




























TABLE 6.- CONTINUED 
a = 10"; Test 47; Run 829; Frame 54 





















































TABLE 6.- CONTINUED 
a! = 10"; Test 47; Run 830; Frame 14 






























0.1 91 1 E+00 
0.21 41 E+00 

















a! = 10"; Test 47; Run 830; Frame 22 


















































TABLE 6.- CONTINUED 
cy = 10"; Test 47; Run 830; Frame 30 

















































cy = 10"; Test 47; Run 830; Frame 34 




























8.9 1 28E-8 1 
0.1248E+88 
8.1924E+08 



















TABLE 6.- CONCLUDED 
a = 10"; Test 47; Run 830; Frame 38 














































TABLE 7.- PRESSURE VS. STREAMWISE COORDINATE (z), AVERAGE DISTRIBUTION 
CY = 10"; Test 47; Runs 829 and 830; All Frames 










-3 f 000 
-2.500 
























































TABLE 8.- LDV FLOW-FIELD DATA 
cy = 0"; x = -4.500 cm; Obtained 6/19/85-15:41:28 
p T z 1 . 7  atm;T~=276.9K;u,=582.5m/s 

















































































































































































TABLE 8.- CONTINUED 
cy = 0"; x = -3.500 cm; Obtained 6/20/85-16:49:46 
PT = 1.7 atm; TT = 276.9 K; U, = 582.5 m / s  




















































3.4831 E 0 3  
5.11 19E-03 
4.2204E-03 





















1 .271 E-03 






1 .271 E-04 










































































































































TABLE 8.- CONTINUED 
CY = 0"; x = -3.000 cm; Obtained 6/19/85-17:16:44 
PT = 1.7 atm; TT = 276.9 K; u, = 582.5 m/s 















































































































TABLE 8.- CONTINUED 
Q = 0"; x = -2.500 cm; Obtained 6/19/85-17:33:40 
PT = 1.7 atm; Tr = 276.9 K; u,, = 582.5 m/s 
































4.703 1 E-03 
2.3762E-03 
3.9995E-03 
































































































1 .801 E 4 4  










































































































































TABLE 8.- CONTINUED 
cy = 0"; x = -2.000 cm; Obtained 6/19/85-18:49:33 



























































































TABLE 8.- CONTINUED 
o = 0"; x = -1.500 cm; Obtained 6/19/85-19:02:28 


























































































































































































































































TABLE 8.- CONTINUED 
a! = 0"; x = -1.000 cm; Obtained 6/19/85-20:49:12 
PT = 1.7 am; TT = 276.9 K; U, = 582.5 m/s 








































































1 .771 E-02 
1 .628E-02 
1 .344E-02 
1 .091 E-02 
8.6 1 OE-03 
6.664E-03 
4.826E-03 
































1 .331 E-05 
TABLE 8.- CONTINUED 
a! = 0"; x = -0.500 cm; Obtained 6/19/85-22:57:42 







































































































































7.4 1 7E-03 
5.453E-03 
4.106E-03 
























































3.3 1 7E-03 
2.483E-03 
5.504E-04 
2 - 178E-04 





















































































TABLE 8.- CONTINUED 
Q! = 0"; x = 0.000 cm; Obtained 6/19/85-21:28:05 
PT = 1.7 atm; TT = 276.9 K; uao = 582.5 m/s 






























































































































































TABLE 8.- CONTINUED 
CY = 0"; x = 0.433 cm; Obtained 6/20/85-17:44:40 
PT = 1.7 atm; TT = 276.9 K; urn = 582.5 rn/s 



















































































































































































































TABLE 8.- CONTINUED 
a! = 0"; x = 0.866 cm; Obtained 6/20/85-19:08:00 
PT= 1.7 atm;T~=276.9  K;u,=582.5 m / s  




































































































































1 .591 E-03 
1 .641 E-03 
1 .049E%3 









































1 .279E-0 1 
























TABLE 8.- CONTINUED 
a! = 0"; x = 1.732 cm; Obtained 6/20/85-20:51:50 
pT = 1.7 atm; TT = 276.9 K; urn = 582.5 m / s  
























































1 .4231 E-01 
1.5956E-01 
1 .8177E-01 























































































































































































































































TABLE 8.- CONTINUED 
cy = 0"; x = 2.598 cm; Obtained 6/20/85-21:13:32 







































































































TABLE 8.- CONTINUED 
a = 0"; x = 3.464 cm; Obtained 6/20/85-22:19:36 








2.6221 E-0 1 














-6.459 1 E-03 
-7.71 9 1 E-03 
-8.6897E-03 
-1.0147E-82 
u2 v2 w 



















2.0 1 OE-03 
3.262E-04 




















































































































































































































TABLE 8.- CONTINUED 
cy = 0"; x = 4.330 em; Obtained 6/20/85-225558 










































































































































TABLE 8.- CONTINUED 
cy = 0"; x = 4.763 cm; Obtained 6/24/85-17:23:44 












































































































































































































































































TABLE 8.- CONTINUED 
CY = 0"; x = 5.196 cm; Obtained 6/24/85-18:48:53 














































































0.9994 -1.2997E-02 1.197E-04 
1 .0004 -1 .3538E-02 1 .221 E-04 
















































4 - 5 1  5E-04 
-1 .799E-03 
-3.196E-03 


























































































TABLE 8.- CONTINUED 
a = 0 O ;  x = 5.896 cm; Obtained 6/24/85-20:32:34 
Pr = 1.7 atm; TT = 276.9 K; uoo = 582.5 m/s 











































2.5432 E-0 1 
2.7065E-01 
2.8334E-01 
2.96 1 4E-01 
3.1343E-01 











































































































































































































TABLE 8.- CONTINUED 
CY = 0"; x = 6.396 cm; Obtained 6/24/85-22:13:36 






























































































































































































































































































TABLE 8.- CONTINUED 
Q! = 0"; x = 7.396 em; Obtained 6/24/85-23:19:10 
P -  = 1.7 am; TT = 276.9 K; U- = 582.5 m/s 


























































1 .731 E-04 
1.689E-04 
1.741E-04 











































































































































TABLE 8.- CONTINUED 
Q! = 0"; x = 8.396 cm; Obtained 6/25/85-19:11:33 
PT = 1.7 atm; TT = 276.9 K; urn = 582.5 m/s 



































































































































































































































































































TABLE 8.- CONCLUDED 
a = 0"; x = 9.396 cm; Obtained 6/25/85-17:51:23 



















































































































































































































































































TABLE 9.- LDV FLOW-FIELD DATA 
ac = 5", x = -5.500 cm; Obtained 9/12/85-21:02:09 
PT = 1.7 atm; TT = 267 .O K; uoo = 571.2 m/s 
UMEAN WEAN u2 v2 
0.6928 8.5581 E-03 5.41 7E-03 1 .793E-03 -1 
0.7404 7.7371 E-03 4.369E-03 1 .620E-03 -1 
0.7749 7.2728E-03 3.901 E-03 1 .624E-03 -1 
































1 .3581 E-02 


































































3.8 1 9E-03 
3.566E-03 
3.143E-03 






































TABLE 9.- CONTINUED 
cy = 5" ,  x = -4.500 cm; Obtained 9/12/85-21:28:11 
PT = 1.7 atm; TT = 267.0 K, plo0 = 571.2 m/s 

































4.5 1 48E-03 















3.201 € 4 3  
































1 .701 E-04 
1 .260E-04 






















































































































TABLE 9.- CONTINUED 
a = So, x = -4.000 cm; Obtained 9/12/85-22:31:41 
PT = 1.7 am; TT = 267.0 K; uLloo = 571.2 rn/s 















































































































TABLE 9.- CONTINUED 
a = 5", x = -3.500 cm; Obtained 9/9/85-20:57:02 


























































































u2 v2 uv u2v2 GMINUS 
2.080E-02 
1.340E-02 



























































































































































TABLE 9.- CONTINUED 
CI! = 5", x = -3.000 em; Obtained 9/9/85-21:56:21 


























6.1 1 18E-02 
6.0771 E-02 










































































































1 .501 E-04 
TABLE 9.- CONTINUED 
CI! = 5", x = -2.500 em; Obtained 9/9/85-23:27:37 
PT = 1.7 atm; TT = 267 .O K; uoo = 571.2 m/s 

















































































































3.6 1 7E-02 
3.108E-02 
2.507E-02 








3.41 1 E-03 
1 .836E-03 




































































































TABLE 9.- CONTINUED 
cy = 5", x = -2.000 cm; Obtained 9/10/85-17:42:55 
PT = 1.7 am; TT = 267.0 K; uW = 571.2 m / ~  















































































































TABLE 9.- CONTINUED 
cy = 5" ,  x = -1.500 cm; Obtained 9/18/85-17:14:01 


























































3.3 1 8E-03 
2.082E-03 











































1.0028 9.8159E-04 1.009E-04 1.026E-04 -5.967E-06 
1.0800 5.3092E-05 8.849E-05 9.970E-85 -4.375E-06 











































































































































TABLE 9.- CONTINUED 
cy = 5", x = -1.000 cm; Obtained 9/10/85-18:22:13 
PT = 1.7 atm; T' = 267 .O K; uoc = 571.2 m/s 




























































































































































TABLE 9.- CONTINUED 
cy = 5", x = -0.500 cm; Obtained 9/18/85-18:33:27 
PT = 1.7 atm; TT = 267.0 K, U- = 571.2 m/s 

















































































































































2. i a6~-02  
9.246E-01 






























































































































TABLE 9.- CONTINUED 
cy = 5", x = 0.000 cm; Obtained 9/10/85-21:07:45 


























































































1 .401 E-03 






























































TABLE 9.- CONTINUED 
cy = 5", x = 0.410 cm; Obtained 9/10/85-23:00:26 
PT = 1.7 atm; TT = 267 .O K; urn = 571.2 m/s 






























5 .0  1 8E-02 

















































































7.9 1 7E-03 

































TABLE 9.- CONTINUED 
cy = 5",  x = 0.819 cm; Obtained 9/11/85-16:55:19 
PT = 1.7 atm; TT = 267 .O K; urn = 571.2 m/s 




































































































































































1 .241 E-02 
1.050E-02 
4.280E-03 


































TABLE 9.- CONTINUED 
cy = 5 O ,  x = 1.229 cm; Obtained 9/11/85-17:49:18 
PT = 1.7 am; TT = 267 .o K; urn = 571.2 m / ~  




















































































































































































































































TABLE 9.- CONTINUED 
a = 5", x = 1.638 cm; Obtained 9/11/85-18:33:55 
PT = 1.7 atm; TT = 267 .O K; urn = 571.2 m/s 

















































































































































TABLE 9.- CONTINUED 
a = 5", x = 2.048 cm; Obtained 9/11/85-20:40:32 
PT = 1.7 atm; TT = 267 .O K; urn = 571.2 m/s 










































1 .6341 E-01 
1 .3205E-01 
7.5296E-03 















4 .  v6E-03 






















































































































































































TABLE 9.- CONTINUED 
a = 5 O ,  x = 2.457 cm; Obtained 9/11/85-22:26:57 














































-2.9 1 53E-04 
-1.4537E-03 





























































































TABLE 9.- CONTINUED 
a = So, x = 3.277 cm; Obtained 9/11/85-23:24:40 
PT = 1.7 atm; TT = 267 .O K; ua, = 571.2 m/s 





































































































































































































































TABLE 9.- CONTINUED 
cy = 5", x = 4.096 cm; Obtained 9/12/85-16:40:23 
PT = 1.7 atm; TT = 267.0 K; urn = 571.2 m/S 




















































































































TABLE 9.- CONTINUED 
CY = 5",  x = 4.915 cm; Obtained 9/12/85-17:42:58 





























3.6321 E-@ 1 






























2, Y i  7E-03 
2.039E-v3 
1 .676E-83 







































































































































































































TABLE 9.- CONTINUED 
PT = 1.7 am; TT = 267.0 K U, = 571.2 m / s  



















































































































TABLE 9.- CONTINUED 
Q! = 5", x = 5.734 cm; Obtained 9/12/85-18:41:19 









































































































































































































0.000E ' 09 









TABLE 9.- CONTINUED 
a = 5", x = 6.234 em; Obtained 9/18/85-22:24:17 
PT = 1.7 atm; TT = 267 .O K; uW = 571.2 m/s 






















































2.233 1 E-0 1 
2.5202E-0 1 
2.7847E-01 
3.005 1 E-0 1 







































































































































TABLE 9.- CONTINUED 
Q! = 5", x = 6.984 em; Obtained 9/16/85-18:28:25 
PT = 1.7 atm; TT = 267 .O K; uW = 571.2 m/s 








































































































































































































































TABLE 9.- CONTINUED 
a! = 5", x = 7.984 cm; Obtained 9/16/85-20:59:24 



















































































































































4.2454E-03 7.175E-05 5.830E-05 2.000E-06 9.754E-05 0.000E+00 






























TABLE 9.- CONCLUDED 
a = So, x = 8.984 cm; Obtained 9/16/85-22:35:56 
























































































































4 . l0 l  E-04 






















































































































TABLE 10.- LDV FLOW-FIELD DATA 
a! = lo", x = -6.500 cm; Obtained 10/1/85-17:53:38 





























































































































































TABLE 10.- CONTINUED 
a! = lo", x = -5.500 cm; Obtained 10/1/85-18:47:21 
PT = 1.7 atm; Tr = 271 .O K u, = 578 .O 4 s  












































6.43 1 7E-03 
5.062E-03 




























































































































































TABLE 10.- CONTINUED 
CY = lo", x = -4.500 cm; Obtained 10/1/85-21:18:59 














































GM I NUS u2 v2 w u2v2 


































































TABLE 10.- CONTINUED 
CY = lo", x = -3.500 cm; Obtained 10/1/85-22:13:22 


























































































u2 v2 w u2v2 GMINUS 
5.840E-02 
5.21 2E-02 










































1 .501 E-04 
-7.963E-04 















































































































TABLE 10.- CONTINUED 
a = lo", x = -3.000 cm; Obtained 10/4/85-17:45:19 
PT = 1.7 atm;T'= 271.0 K u, = 578.0 m/s 










































2.389 1 E-04 



























































































TABLE 10.- CONTINUED 
a = lo", x = -2.500 cm; Obtained 10/1/85-22:55:33 
PT = 1.7 atm; TT = 271.0 K u, = 578.0 m/s 





















































1 .731 E-02 
1.459E-02 
1 ,235E-02 
1 .001 E 4 2  
9.162E-03 












































































GM I NUS 
1 .529E-01 





















GM I NUS 
4.059E-01 
2.268E-01 






































































TABLE 10.- CONTINUED 
CY = lo", x = -2.000 cm; Obtained 10/4/85-18:29:49 
PT = 1.7 atm; T'= 271.0 K, u, = 578.0 m/s 

























































































































TABLE 10.- CONTINUED 
tv = lo", x = -1.500 cm; Obtained 10/2/85-17:49:05 




























































































































































































































TABLE 10.- CONTINUED 
CL! = lo", x = -0.500 em; Obtained 10/2/85-20:30:21 
PT = 1.7 atm; TT = 271.0 K; urn = 578.0 m/s 






























































































































3.881 E 4 3  
1.394E-03 













































































































TABLE 10.- CONTINUED 
a = lo", x = 0.000 cm; Obtained 10/2/85-21:47:26 
PT = 1.7 atm; Tr = 271 .O K; urn = 578 .O m/s 


























































































































































































































TABLE 10.- CONTINUED 
CY = lo", x = 0.383 cm; Obtained 10/2/85-22:54:37 
PT = 1.7 atm; TT = 271 .O K; uoo = 578 .O 4 s  











































































































































































0.9977 -1.8152E-03 1.406E-04 1.438E-04 3.687E-06 2.134E-04 0.000E+00 




























TABLE 10.- CONTINUED 
CY = lo", x = 0.766 cm; Obtained 10/4/85-20:36:58 



















































3.72 1 5E-04 
5.7221 E-05 
-9.8584E-04 
























































































































































































TABLE 10.- CONTINUED 
= lo", x = 1.149 cm; Obtained 10/3/85-17:04:36 
pT = 1.7 atm; TT = 271.0 K uoo = 578.0 m/s 









































2.41 71 E-01 
2.2484E-01 



































1 .071 E-04 


































3.961 E 4 3  
3.146E-03 











-1 .471 E 4 3  
-1 .047E-04 
-7.246E-07 
1 .401 E-06 
4.032E-06 
1 .384~-e3 
TABLE 10.- CONTINUED 
cy = lo", x = 1.915 cm; Obtained 10/3/85-21:09:35 



















































































2.1 1 6E-03 
1 -221 E-03 




























































































































6.5 1 5E-05 
0.000E+00 





























































TABLE 10.- CONTINUED 
a = lo", x = 2.681 cm; Obtained 10/3/85-21:53:18 























































































































TABLE 10.- CONTINUED 
a = lo", x = 3.447 cm; Obtained 10/3/85-22:49:02 




























3.542 1 E-01 



































7.691 E 4 3  
1 .529E-02 

























































































































































































































































TABLE 10.- CONTINUED 
LY = lo", x = 4.213 cm; Obtained 10/4/85-15:25:16 
P ~ = 1 . 7 a t m ; T ~ = 2 7 1 . 0 K ; t ~ , = 5 7 8 . 0 m / s  
WEAN u2 v2 w u2v2 GMINUS 
4.1052E-01 




































1 .601 E-03 
1.808E-03 
3.191E-03 









3 . 8 3 9 ~ 4 3  
4.325E-03 



































































































TABLE 10.- CONTWUED 
a = lo", x = 4.596 cm; Obtained 10/4/85-21:36:45 
PT = 1.7 atm; TT = 271.0 K urn = 578.0 m/s 




































































































-2. e 1 9 ~ 4 4  
6.377E-03 







































































































TABLE 10.- CONTINUED 
cy = lo", x = 4.979 cm; Obtained 10/4/85-16:30:50 


















































































































-3 e 220E-04 










-1 .651 E-03 
-5.783E-06 
8.337E-06 
TABLE 10.- CONTINUED 
cy = lo", x = 5.183 cm; Obtained 10/7/85-17:11:49 



































































2.39 1 E-03 







































































































































































































TABLE 10.- CONTINUED 
a = lo", x = 5.683 cm; Obtained 10/7/85-21:28:22 





































3.69 1 9E-01 
3.7949E-01 
3.8603E-01 
3.90 1 3E-01 
3.9420E-01 











0.9988 -1.3994E-03 1.114E-04 














































































































































































TABLE 10.- CONTINUED 
a = lo", x = 6.183 em; Obtained 10/7/85-20:36:26 































































5.252 1 E-03 

















































































































9.588E-03 8.304E-03 -8.798€%3 1 .342E-02 
1 -086E-04 1 .103€-04 7.036E-06 1 .641€-04 _ ~ .  
1.090E-04 1 .137€-04 4.655E-06 1 .670E-04 

































































TABLE 10.- CONTINUED 
cy = lo", x = 7.183 cm; Obtained 10/7/85-18:49:54 



















































































































































































































9.636E-05 1 .030€-04 5.485E-06 1 .495E-04 0.000E+00 





































TABLE 10.- CONTINUED 
CY = loo, x = 8.183 cm; Obtained 10/7/85-18:03:02 
PT = 1.7 atm; TT = 271 .O K; uoo = 578 .O m/s 



















































































































1 .171 E-03 
1 .157E-03 
1.072E-03 





































































































































































































TABLE 10.- CONCLUDED 
a = lo", x = 9.183 cm; Obtained 10/7/85-22:35:43 











































































































































































































CON DIT1 ON I NG 
STAGNATION 
Figure 1.- High Reynolds Number Facility-Channel I. 
72 
CONE AXIS 






Figure 2.- General model configuration. 
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Q! = FLARE INCLlNATlON ANGLE 
z=  STREAMWISE COMPRESSION 
ANGLE in 6 = 0"; = Q! + 30" 





X = 514.5 nm I 
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DUAL LIQUID (SEED) 
FEED TUBES 
Figure 6.- LDV seeder rod. 
77 
Figure 7.- Shock interaction shadowgraph, CY = 0.  
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Figure 8.- Shock interaction shadowgraph, a = 5 , 10. 
79 
Figure 9.- Surface oil flow, Q! = 0. 
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Figure 10.- Surface oil flow, a = 5,lO. 
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- THEORY, 
o a= So, x = -5.5cm 
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Figure 11.- Data vs. Coles' compressible wall-wake law. 
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Figure 14.- Streamwise velocity profiles, a = 0.  
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Figure 3 1 .- Turbulent kinetic energy profiles, a = 10. 
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